Anthropometric measurements were performed on the teeth, dental arch and mandible. Parameters for these three categories were compared by means of canonical analysis in order to understand the morphological relationships existing among them. The sagittally projected length of the mandible had a significant role in the correlation between the size of the teeth and the length of the dental arch, which had not previously been noted to date. The dental arch width was not significantly related to the size of the teeth. The lengths of the alveolar portion and the postalveolar portion of the mandible were independent of each other. This fact might indicate that the reduction in the size of the mandible in human microevolution occurs mainly in the post-alveolar portion.
Introduction
It is generally accepted that tooth size is relatively independent of not only bodily dimensions, but also maxillary or mandibular size [4, 8] . The size and form of the teeth are said to be more strongly influenced by genetic factors than environmental factors, which are considered to produce a greater degree of variability in the dimensions of other skeletal components. In primates, studies of interspecific correlations have revealed that mandibular length increases isometrically with molar area [10] . However, in humans, there is still a problem with regard to the types of measuring parameters of the mandible which correlate with tooth size. The present study was an attempt to determine some of these dimensions which correlate with tooth size.
Materials and Methods
Dried human mandibles from the general Japanese population which had been collected at the Department of Anatomy, Faculty of Medicine, University of Tokyo, over the last 100 years were used in this study. They were comprised of specimens from 36 males and 18 females with complete dentition. Measurements were taken with an electronic calliper to within an accuracy of 0.01 mm (Mitsutoyo Co., Ltd.).
Parameters subject to measurement were as follows:
1) Mesiodistal diameter of teeth (I1, C, P1, M1, M2, parameter number, 1, 2, 3, 4 and 6 respectively). 2) Buccolingual diameter of M1 and M2 (5, 7). 3) Dental arch breadth between the cuspal tips of the right and left canines (C-C), between the central fossae of the first molars (M1-M1) and between those of the second molars (M2-M2) (8, 9, 10 ). 4) Dental arch length, from the mid-point of the two central incisors perpendicular to the line M1-M1, and M2-M2 (11, 12) . 5) Distances from the condylion of the left mandibular condyle to the following points: to the right condylion (13) , to the infradentale (14) , to the cuspal tip of the canine (15) , to the buccal cusp of P1 (16) , to the central fossa of (17) and perpendicular to the occlusal plane (18) . The occlusal plane was defined as the cutting edge of a central incisor and the mesiodistal cusps on both of the first molars. These measurements, except for bicondylar breadth, represent the location of the teeth or dental arch in the mandible. Other measurements were bigonial breadth (19) , gonion-gnathion distance (20), ramal height (21), condyle-gnathion distance (22), mental height (23), mandibular body height at M1 (24), notch length (25) and coronoid height (26). 6) Sagittally projected distances of the position of the teeth were geometrically calculated from the posterior frontal plane (PFP) passing through both of the condyles perpendicular to the occlusal plane (27, 28, 29, 30). These measuring parameters are presented in Table 1 and in Fig. 1-a, b and c. Calculation was performed using a microcomputer (Oki Electric Co., Ltd). For statistical and multivariate analysis, programs originally designed by Nihon Mi-con Gakuin and modified by ourselves based on the method of ASANO [2] were used. Table 1 shows the mean and S.D. of 30 measurements in specimens from males and females. All the means were larger in males by about 54 for each measurement except for those of the dental arch where differences were smaller. Among mandibular measurements, distances for the condyle-occlusal plane and condyle-coronoid height showed no significant differences, being relatively variable in comparison with the other measurements.
Results
The size and form of the mandible for males differed between those having M3 on both sides (n=22) and those in which it was congenitally absent (n=12) ( Table  2) . Female mandibles were not included in this analysis because of the insufficient number of specimens. Twelve of 18 mandibular parameters showed significant differences, but it was noted that two parameters of breadth, i.e., bicondylar breadth and bigonial breadth, showed no significant difference between them. Sagittally projected distances of the teeth from the PFP were reduced for parameters 27 through 30, while the differences between them for mandibles with M3 present and absent were roughly around 6 mm. This finding showed that these differences were caused by those in M2-PFP distance (30). This parameter was the dimension of the mandible posterior to M2, and can be called the post-alveolar length of the mandible when M3 is not considered.
Mean values for the teeth were slightly larger in the group in which M3 was present, while those for the dental arch were slightly larger in the M3-absent group. However, the sizes of the teeth and dental arch were not statistically different between the two groups. Table 3 shows the correlation matrix for the 30 measured parameters in Japanese males, excluding the correlation coefficients which were not significant at the level of 5%. The matrix was subdivided into 10 small matrices which were numbered from [I] to [X] according to the parameter category. Matrix [I] showed the correlation between dental measurements in which all but one of the coefficients were significant at the 5% level. Matrix [II] showed that dental dimensions were correlated differently with the length and breadth of dental arch dimensions. Arch length was significantly correlated with tooth size, but arch breadth was not. In matrix [III] , there were few significant correlation coefficients between mandibular and tooth dimensions, except for those for condyle-infradentale distance.
However, the sagittally projected length of the mandible showed a high correlation with tooth size, as shown in matrix [IV] in which lengths from the incisor and the canine to the PFP were significantly correlated with all the parameters of dental dimensions. The length from the M1 to the PFP was significantly correlated with the mesiodistal diameter of the incisor and M1, while the length from M2 to the PFP was significantly correlated only with the incisor. Although the sagittally projected mandibular lengths were involved in mandibular dimensions as well as other parameters from 13 through 26, those parallel to the antero-posterior axis were considered to be dimensions representing the growth of the mandible. The distribution Table 2 Means and S.D. of 30 parameters in two male groups, with M3 and without of significant correlation coefficients in this matrix is diagrammatically represented in Fig. 2 , where significant correlations between the sagittal length and teeth were reduced from the longest parameter (27) to the shortest one (30), with only the incisor showing a significant correlation. The correlation coefficients between dental arch dimensions were shown in matrix [V] . Correlations were not significant between arch lengths and both M1-M1 and M2-M2 breadth. C-C breadth was significantly correlated with both other breadths and with lengths. Among three breadths and between two lengths, the correlations were highly significant. Few correlations were noted between dental arch and mandibular measurements 13 through 26 (matrix [VI]). However, arch length was highly correlated with the longest sagittal length, parameter 27 (matrix [VII]).
Matrix [VIII] showed correlations among mandibular measurements of which parameters 18, 19, 25 and 26 were almost independent from other measurements except for correlations with both parameters 18 (condyle-occlusal plane distance) having a positive correlation with mandibular ramal height, and parameter 26 (coronoid height) being negatively correlated with parameters 18, 21 (ramal height) and 25 (notch length). Sagittal lengths were not significantly correlated with parame- . One interesting point was that a longer sagittal length (27, 28) had a negative correlation with parameter 18, while shorter sagittal length (29, 30) was highly positively correlated with both parameter 20 (gonion-gnathion distance) and parameter 22 (condyle-gnathion distance). The correlations among sagittal lengths were highly significant (matrix [X]). Figure 3 shows the correlations among three sagittal lengths of the dental arch and mandible. Geometrically, parameter 27 was divided into an anterior half and a posterior half at the position of the second molar. Both the anterior half representing the arch length (parameter 12) and the posterior half (parameter 30) were significantly correlated with the maximum sagittal length (parameter 27), respectively. However, these two halves were not significantly correlated with each other, indicating that the two halves, i.e., the alveolar length and post-alveolar length of the mandible, were independent from each other. The fact that the coefficient of variation of the post-alveolar length was greatest among the sagittal lengths of the arch and mandible might have influenced this result. Congenital absence of M3 might also have caused the high coefficient of variation of the post-alveolar length.
In canonical correlation analysis, a pair of variates which show a linear connection of variables in two groups is defined as they have the highest correlation. The second pair of variates is defined as it has no correlation with the first one, and has the second highest correlation. Likewise, the third, the fourth and so on are similarly defined, their levels of significance being tested by x2 testc23. This type of analysis was carried out among three categories of data for males, i.e., tooth, arch and mandibular dimensions. Morphologically similar variables in mandibular dimensions were removed, and parameters 13, 14, 19, 20, 21, 22, 23 and 27 were selected. The results of the canonical correlation analysis are shown in Table 4 ; A shows the results of analysis between variables for the teeth and dental arch, B, between those of dental arch and mandibular measurements and C, between those of teeth and mandibular measurements.
In Table 4A , the first canonical variate of the teeth was highly correlated with the diameters of all the teeth examined and formed the highest contribution to the total standardized variance among the canonical variates extracted from tooth di- mensions. Therefore, this canonical variate was considered to be a factor controlling the general size of teeth. On the other hand, the first canonical variate for the dental arch was correlated with the length of the arch, but not with its breadth. This canonical variate appeared to be a factor controlling arch length. The contribution of this variate to the total variance was 21.7% which was not the highest among all the canonical variates. The canonical correlation between the first variates in tooth and dental arch dimensions was the highest, 0.87, which was statistically significant.
The second pair of canonical variates in the two categories were thought to constitute a factor governing molar size and a factor governing dental arch breadth, respectively. The total contribution of the latter was highest among the variates of arch dimensions, while that of the former was considerably low in comparison with that of the first variate. The third pair of canonical variates showed a similar pattern of correlation with variables of the second pair, although the correlation was not significant. These could thus be called anterior teeth factor and arch breadth.
Canonical analysis for dental arch and mandibular dimensions (Table 4B) indicated first that the highest correlation was found between variates representing Table 4A , B and C denote significant correlations at the factors governing arch length and mandibular length, because high loadings were found for both dental arch length and sagittal mandibular length. The second canonical variates thus appeared to be possibly a general size factor governing arch dimensions and a factor governing the breadth or height of the mandible, but these contributions were relatively low. The third canonical variate in arch dimensions was a factor controlling arch breadth, while that in the mandible appeared to be a general size factor or a factor governing the breadth. The correlation between these two variates was not high, 0.45, but contributions were highest among variances of variates and were second highest among those for dental arch dimensions. Table 4C shows the correlation of canonical variates for teeth and mandibular dimensions with the original variables. The first canonical variate for tooth dimension had the highest correlation with buccolingual diameter of M1, while that for mandibular measurement had the highest correlation with bigonial breadth. The canonical correlation between these variates was the highest but the total contributions were comparatively low. Interpretation of the factors controlling these variates seemed to be difficult. The second pair of canonical variates was, on the whole, highly correlated with tooth dimension and mandibular measurement except for two variables, and showed the highest contributions to the total variance in both categories. These variates were considered to be general size factors for teeth and the mandible. The third canonical variate for tooth dimension seemed to be a factor controlling M2 size, while that for mandibular dimensions was difficult to interpret as a factor. Another size factor of the teeth was found in the fourth canonical variate of tooth dimensions which correlated with a factor controlling mandibular length.
Discussion
The teeth, dental arch and mandible are considered to be structural components of the class system in terms of both their size and functional significance (Fig. 4) . The mandible, which is the bony structure bearing the dental arch, generates masticatory movement and brings the arch to the most effective point for mastication. The size and shape of the dental arch, which consists of teeth, are influenced by tooth size and the shape of the mandible [14] . However, the relationship between the morphologies of the teeth and the mandible, which is indicated by the clear arrows in Fig. 4, is not yet fully understood. As teeth develop in the alveolar bone, which is part of the mandible, their growth partly depends on that of the mandible. Thus, these structures influence each other at the developmental stage. It is generally accepted that environmental factors have more influence on bony structures because of the attachment of masculature, and that consequently, bone shape is more flexible in terms of ontogeny and phylogeny than tooth form. On the other hand, teeth do not change their shape after the completion of development, so that genetic factors are a better determinant of their shapes than is the case for bony structures.
While data have been amassed separately on tooth size, dental arch size and craniofacial dimensions, little is known about the nature of dental associations within the individual. Important questions to be answered are whether tooth size is correlated with skeletal craniofacial dimensions and, if so, how and to what extent they are related [13] As for the relation between tooth size and arch size, the findings that general tooth size and arch length have the highest correlation and that the second and third variates concerning the balance of size between the anterior teeth and posterior teeth are highly correlated with the variate for arch breadth, are different from the results of YAMADA [19] , where the general size factor of the upper tooth and the anterior breadth of the arch were on the same first component. This might have been due to the fact that there was only one variable on the length of the arch from among the twelve measurements used in his analysis. As is shown in the correlation matrix of original variables, tooth size is highly correlated with arch sagittal length. The canonical correlation coefficient of 0.87 might indicate that arch length can be estimated from tooth size.
As for canonical correlation between the dental arch and the mandible, the first canonical variate for the arch was highly dependent on the length, which had a canonical correlation coefficient of 0.81 with the variate of the mandibular measurements mainly on the sagittal length. The canonical correlation of the second pair in this case was low. Thus, the relation between the dental arch and the mandible is primarily represented by the antero-posterior dimension, which is the direction of growth of the mandible.
The relation between the teeth and the mandible is complicated, as shown by the results of LomBARD033. In his analysis, the general size factor and anterior tooth size factor were not highly dependent on other craniofacial measurements except for mandibular symphyseal height and bigonial breadth, which were the firstly and secondly dependent variables with the first canonical variate of the mandible in our canonical analysis. Bigonial breadth is highly variable and does not have any correlation with tooth dimension (Table 3) , but oddly, symphyseal height is correlated with molar buccolingual diameter. Thus, the combination of these two measurements as a measure of robustness produces a correlation with molar size. However, the clear biological roles of these parameters are still unknown.
The correlation coefficient between the general size of the teeth and the mandible reaches 0.76 when variables are canonically weighed, where the mesiodistal diameters of the canine, M1 and M2, and the maximum (sagittal) mandibular length make a major contribution. Factor scores for two general size factors separately obtained by principal component analysis for the teeth and the mandible did not show a high correlation with each other (r=0.157) [11] . The canonical correlation coefficient for this second pair indicates that estimation can be possible using these variates when either the teeth or the mandible are missing.
The relationship between congenitally absent or impacted M3 and the size of the mandible is another aspect of dental association. BJORK et al. [3] identified three skeletal factors that separately influence third molar impaction: (1) reduced mandibular length, measured as the distance from the gnathion to the condylar head; (2) vertical direction of condylar growth as indicated by the mandibular base angle; and (3) backward-directed eruption of the mandibular dentition determined by the degree of alveolar prognathy of the lower jaw.
Of these factors, the first and the second are reflected in our present results. The sagittal length of the mandible differed by about 7.0 mm between individuals in which M3 was present and congenitally absent, while the difference in the ramal height (3.5 mm) between them was smaller than that of the sagittal length.
When M3 is congenitally absent, there is a controversy about the size of the remaining teeth. GARN and his colleagues [6] reported that the remaining teeth were smaller in such cases than those in subjects with complete dentition. RICHARDSON [17] noted that the sizes of the rest of the teeth did not significantly differ between persons with and without congenitally absent third molars, a result which is supported by the present study. However, looking through the references [1, 6, 9, 12, 16, 17] on this problem over the last few years, both of the above standpoints still seem tenable for human dentition.
In conclusion, the sagittally projected length has a significant role in the correlation between the size of the teeth and the length of the dental arch, a finding which has not yet been noted to date. The lengths of the alveolar portion and the post-alveolar portion of the mandible are independent from each other. This fact might indicate that the reduction in the size of the mandible in human microevoluoccurs mainly in the post-alveolar portion.
The congenital absence of the third molar in recent human populations might be due to this phenomenon. However, the post-alveolar portion is significantly correlated with the anterior tooth. Therefore, it is suggested that this portion has some functional relationship with the anterior part of the mandible in the masticatory mechanism, a possibility which should be tested in future analysis of the functional or morphological relationship existing between the teeth and the mandible.
